Two experiments were conducted that confirmed the hypothesis that a dietary bicarbonate supplement will improve eggshell quality in hens at high temperatures as long as feed is consumed during the period of eggshell formation. End-of-lay hens were maintained on continuous light at temperatures of 30 and 35 C. Individual egg weights and shell quality measures for each hen were calculated as a proportion of the initial values determined during an acclimatization period at 25 C. Improvements in shell breaking strength in both experiments were observed as a result of supplementing control diets with 1% sodium bicarbonate (NaHCO 3 ). This response to NaHCO 3 was not a reflection of a reduced rate of lay or egg mass output, as these were similar or inferior on the control diets. Similar feed intakes on the control and NaHCO 3 diets indicated that the response was not related to differences in calcium intakes. Supplements of zinc methionine and ascorbic acid proved to be inferior to NaHCO 3 . Improvements in egg weight were associated with the introduction of continuous lighting.
INTRODUCTION
Both heat exposure per se and reduced appetite affect the laying performance and eggshell quality of hens exposed to high ambient temperatures. Whereas egg production and egg weight are influenced to a major extent by the reduction in feed consumption, eggshell quality is influenced primarily by high temperature (Sauveur and Picard, 1987) . Efforts to improve laying performance at high temperatures have been relatively successful. Methods include the feeding of high nutrient density diets (de Andrade et al., 1977) and the use of self-selection feeding (Balnave and Murtisari Abdoellah, 1990) . However, problems associated with eggshell quality have proved difficult to resolve.
The hyperventilation and respiratory alkalosis that occur when hens are housed at high temperatures are reflected in a loss of carbon dioxide from the blood and associated losses of bicarbonate from the blood and body fluids. This loss of carbon dioxide is accentuated by the need for blood bicarbonate to buffer the hydrogen ions produced during eggshell formation (Lorcher and Hodges, 1969; Makled and Charles, 1987) . A reduced bicarbonate concentration in the lumen of the shell gland adversely affects eggshell quality (Frank and Burger, 1965; Balnave et al., 1989) . Therefore, it is possible that, at high temperatures, hens have a nutritional requirement for bicarbonate, as has been suggested for broilers by Teeter et al. (1985) and Balnave and Gorman (1993) . Lorcher and Hodges (1969) have shown that only a small amount of the bicarbonate required for eggshell formation in the shell gland is derived from the blood, a conclusion reached previously by Mongin and Lacassagne (1966) and subsequently confirmed by Cipera (1980) . Attempts to improve eggshell quality through supplementation of the diet or drinking water with sodium bicarbonate have been equivocal. Although positive responses have been observed by some (Frank and Burger, 1965; Howes, 1966; Makled and Charles, 1987) others have reported no benefits (Cox and Balloun, 1968; Pepper et al., 1968; Ernst et al., 1975; Hamilton, 1981; Obida et al., 1981; Hurwitz, 1987; Grizzle et al., 1992) . Still others have reported benefits under specific conditions (Harms and Miles, 1980) or have obtained variable responses (Latif and Quisenberry, 1968) . Howes (1966) appears to be the only one to have reported a beneficial response at high temperatures, although Ernst et al. (1975) reported that in hot weather hens receiving NaHCO 3 produced significantly fewer rough-shelled eggs.
The inconsistent responses to bicarbonate may reflect the fact that under a conventional daily 16 h photoperiod, the bicarbonate will not be consumed during the dark period, the time during which eggshell formation normally occurs. Therefore, the use of a continuous lighting regimen should allow the syn- chronization of eggshell formation with supplementary bicarbonate intake by the hen. However, the use of continuous lighting may also improve eggshell quality by allowing the hen access to dietary calcium during the period of eggshell formation (Hurwitz, 1987) . Makled and Charles (1987) reported that increasing the daily photoperiod from 16 to 24 h significantly improved egg weight and shell quality in laying hens, the improvements in shell quality being similar to those observed in the 16 h photoperiod when 0.5% sodium bicarbonate (NaHCO 3 ) was added to a diet containing ground limestone as the calcium source. Egg production and egg mass were unaffected by photoperiod or NaHCO 3 . More recently, Grizzle et al. (1992) reported that supplying hens with an additional 2 h lighting period during the normal dark period resulted in an improvement in egg specific gravity but a supplement of 1% NaHCO 3 had no effect. Feed intake and egg production were unaffected by the photoperiod or the NaHCO 3 . The use of a limited period of additional light during the normal dark period sometimes, but not always, gives rise to improvements in eggshell quality (Harms et al., 1996) . In this regard, Sauveur and Picard (1987) concluded that interruption of a normal night by a 1 or 2 h light period does not increase eggshell deposition.
Ascorbic acid is often used as a dietary supplement to offset the effects of heat in poultry, although the effect on eggshell quality is equivocal (Pardue and Thaxton, 1986) . One situation in which ascorbic acid has proved beneficial has been in preventing the deterioration in eggshell quality induced by saline drinking water . This problem is associated with a reduced supply of bicarbonate ions to the lumen of the shell gland caused by a reduced activity of carbonic anhydrase in the shell gland mucosa . The studies on saline drinking water also identified certain zinc compounds, such as zinc methionine, as being beneficial to eggshell quality (Balnave and Zhang, 1993) . This result is presumably due to the fact that zinc is an integral component of carbonic anhydrase and the improved zinc availability from these compounds may have increased the activity of this enzyme in the shell gland. Zinc proteinate supplementation of a standard layer diet has also been reported to improve eggshell quality (Sanford, 1966) .
The present studies were conducted to determine whether supplying the hen with bicarbonate through dietary supplementation with sodium bicarbonate could improve the shell quality of eggs from hens maintained at high temperatures. The use of dietary supplements of ascorbic acid and zinc methionine were also examined.
Continuous lighting was used to investigate the importance of allowing hens to consume the dietary supplements during the period of active eggshell formation.
MATERIALS AND METHODS
Hens (Tegel SuperBrown 1 ) from the same University laying flock were used in both studies. They were 67 and 77 wk of age, respectively, at the commencement of Experiments 1 and 2. Mean rates of lay were 73 and 68%, respectively, at the beginning of Experiments 1 and 2. Hens were selected from a flock of 500 hens on the basis of rate of lay and eggshell breaking strength. All hens laying at least two eggs over a 3-d period just prior to the commencement of the individual studies were identified and the shell breaking strength of their eggs measured using a cantilever system . Hens laying eggs with shell breaking strengths above 25 N were selected for the individual studies. The hens were randomly assigned to the experimental treatments in temperature-controlled rooms. They were housed in individual cages and were given free access to feed and water at all times. Hens in each three adjacent cages were fed from the same feeder and feed intake comparisons were made using these data. All other comparisons involving egg output, including egg production, egg mass, egg weight, and eggshell quality were made using data from individual hens. Light was supplied from fluorescent tubes. Constant temperatures were used during each stage of the experiments.
The hens in Experiment 1 were given 2 wk to acclimatize to 25 C, with a 16 h daily photoperiod between 0430 and 2030 h, after transfer from the commercial shed. The temperature was then increased to 30 C and at the same time the daily photoperiod was increased to 24 h and the dietary treatments were introduced. The composition of the basal diets used in the studies are shown in Table 1 . In Experiment 1, the diets fed were a basal diet (control) and the basal diet containing either 1% NaHCO 3 , 0.05% zinc methionine, or 0.04% ascorbic acid. After 15 d at 30 C the temperature was increased to 35 C for 4 wk.
In Experiment 2, the same procedures were followed except that the daily photoperiod was maintained at 24 h throughout the experiment. The hens were given 4 wk to acclimate to 25 C and then were maintained for 4 wk at both 30 and 35 C. The dietary treatments were introduced when the temperature was increased from 25 to 30 C and consisted of a basal diet (control) and the basal diet containing either 1% NaHCO 3 , 0.03% zinc methionine, or 0.02% ascorbic acid. Fresh diets were prepared every 2 wk to overcome any unlikely problems of stability with the ascorbic acid supplement, which was a stabilized silicon-coated product. 2 Egg production and egg weight were measured daily and feed intake was measured over each of the individual temperature-treatment phases. During the final week of each temperature-treatment phase, eggs were collected and used for the determination of shell breaking strength, shell weight percentage, and shell thickness. Two eggs were taken from each hen in Experiment 1 and, in Experiment 2, two or three eggs were taken from each hen, depending on the rate of lay. Twelve hens were allocated to each treatment in Experiment 1 and 24 hens to each treatment in Experiment 2. In Experiment 2, some hens moulted during the acclimatization period at 25 C and were removed from the experiment, leaving 22 hens on each treatment at the start of the high temperature exposure. Direct measurements of egg production and egg mass were made on individual hens but, because considerable variation existed in the initial shell quality measures from individual hens, the individual egg weights and shell quality measures for each hen were calculated as a proportion of the initial values determined during the final week of the acclimatization period at 25 C. Initial evaluation of the data was conducted using the Minitab General Linear Models procedure with the main factors being temperature and dietary supplements. Subsequently, main effects were tested by analysis of covariance controlling the effects of temperature on the dietary responses, and analysis of covariance controlling the effects of diet on the temperature responses. Group differences were tested using an adjusted t test. 3
RESULTS
The treatment egg weight and eggshell quality data were calculated as a proportion of the initial acclimatization values. However, the absolute measures are given in Table 2 for comparison.
The production responses at 30 and 35 C are shown in Table 3 . No significant temperature by diet interactions were observed, so only the main effects are shown. In both experiments, feed intake, egg production, and egg mass were significantly reduced at 35 compared with 30 C. Mean overall reductions in feed intake were similar at 22 to 25 g/d, which gave reductions of 13% in rate of lay and 9 g egg mass/d. The dietary supplements significantly influenced egg mass output in both experiments. The egg mass output from hens receiving the NaHCO 3 was significantly greater than for hens receiving the zinc methionine and ascorbic acid in Experiment 1 and for control hens and hens receiving ascorbic acid in Experiment 2.
Egg weight and shell quality measurements at 30 and 35 C, relative to initial values at 25 C, are shown in Table 4 . I n Experiment 1, increasing the temperature from 25 to 30 C at the same time as introducing continuous lighting gave a small increase in egg weight (value >1.0), and the reduction observed on exposure to 35 C approached significance. In Experiment 2, increasing the temperature from 25 to 30 C after hens had adjusted to continuous lighting gave a small decrease in egg weight (value < 1.0), which was significantly reduced by exposure to 35 C. In Experiment 1, diet had a significant effect, with the maximum egg weight response being obtained with the NaHCO 3 supplement. The supplements had no significant effect on the egg weight responses in Experiment 2. In Experiment 1, shell breaking strength, shell weight percentage, and shell thickness were all improved at 30 C but significant reductions occurred in all these measures when the temperature was increased to 35 C. In Experiment 2, increasing the temperature to 30 C gave small reductions in these shell measures, which were significantly reduced by exposure to 35 C. In both experiments, the shell breaking strength, but not shell weight percentage, or shell thickness, showed a response to dietary supplementation with the value from hens receiving NaHCO 3 being significantly improved compared to controls. The responses in shell breaking strength to the supplements of zinc methionine and ascorbic acid were not significantly different to controls.
DISCUSSION
In both studies, egg weight and eggshell quality were reduced at high ambient temperatures, in agreement with the results of previous studies (Sauveur and Picard, 1987) . However, the present studies were designed to test the hypothesis that at high temperatures laying hens have a nutritional requirement for bicarbonate and that supplementation of diets with NaHCO 3 should improve eggshell quality as long as hens have access to feed during the period of eggshell formation. In these studies, the hens were maintained on a continuous lighting regimen, which allowed them to eat at any time of the day or night.
In both studies, shell breaking strength relative to controls was improved by dietary supplementation with 1% NaHCO 3 . The improvement in shell breaking strength was greater in Experiment 1, in which the NaHCO 3 supplement was added to the diet at the same time as continuous lighting was introduced. The reduced response in Experiment 2 may be associated with the fact that the NaHCO 3 was given to these birds after the 4-wk continuous lighting acclimatization period at 25 C. These responses suggest that allowing hens continuous access to feed, irrespective of bicarbonate content, during the period of eggshell formation has advantages for eggshell quality at moderate temperatures.
This latter conclusion agrees with the results of Makled and Charles (1987) , who found that improve-6098 ,  table 4 ments in egg weight and eggshell quality occurred when the daily photoperiod for hens fed a diet containing ground limestone as the calcium source was increased from 16 to 24 h. In the present work the increase in egg weight observed as a result of increasing the temperature from 25 to 30 C in Experiment 1 did not occur in Experiment 2. Optimum egg weight at high temperatures is known to be dependent on dietary linoleic acid concentration (Balnave, 1987) . The basal diet used in Experiment 2 contained less linoleic acid than that used in Experiment 1 (1.35 vs 1.8%). However, this is unlikely to have been a problem, as both diets satisfied linoleic acid requirements (National Research Council, 1994) . Likewise, the dietary amino acid concentrations in both studies met recognized requirements at the feed intakes recorded (National Research Council, 1994) , which suggests that the egg weight response was primarily a reflection of the lighting regimen, because in Experiment 2 the hens were acclimated to the continuous light prior to the increase in temperature to 30 C. In Experiment 2, the relative egg weights did not differ between dietary treatments so that the improvement in eggshell quality at the high temperatures resulting from feeding NaHCO 3 did not reflect differential changes in egg weight. Also, rate of lay and egg mass output were inferior on the control diet. Furthermore, the similar feed intakes noted with the control and NaHCO 3 treatments indicate that the beneficial responses in eggshell quality obtained with NaHCO 3 were not associated with an increased calcium intake.
The NaHCO 3 -induced improvements in shell breaking strength (15 and 9% respectively in Experiments 1 and 2) occurred without any improvement in shell weight percentage and shell thickness in Experiment 1 and with only small (3 and 1%, respectively) improvements in Experiment 2. These results suggest that the NaHCO 3 improved shell ultrastructure rather than inducing additional eggshell formation (van Toledo et al., 1982) . Roberts and Brackpool (1994) have reported that in high temperature situations eggshell ultrastructure is modified in favor of shell strength even when shell thickness is reduced.
Ascorbic acid and zinc methionine were examined as possible dietary supplements for improving eggshell quality at high temperatures. Their potential value arises from the beneficial effect they exert on the shell quality of hens given saline drinking water, a treatment that reduces the supply of bicarbonate ions for eggshell formation through a reduced activity of carbonic anhydrase in the shell gland mucosa . The results show that these two supplements were inferior to NaHCO 3 and gave no benefit relative to controls. This contrasting response to that observed in the saline drinking water studies may reflect the fact that the carbonic anhydrase activity is increased in the shell gland of heat-stressed hens (Goto et al., 1979) .
As far as the authors are aware there is no evidence from previous studies that NaHCO 3 has an adverse impact on feed intake, egg production, or egg mass and this is confirmed in the present work. In fact, there were tendencies for improved performance in both of the present studies.
The results of these studies indicate that NaHCO 3 supplementation of diets for laying hens at high temperatures improves eggshell quality as long as hens have access to feed during the period of eggshell formation.
